Several molecular biomarkers have been suggested as predictors of outcome for pediatric ependymomas but deserve further validation in independent case series. We analyzed intracranial ependymomas belonging to a series of 60 patients prospectively treated according to the protocol sponsored by the Italian Association of Pediatric Hematology-Oncology. We used a tissue microarray to analyze nucleolin (NCL), cyclin-dependent kinase inhibitor 2A (CDKN2A), tumor protein 53 (TP53), and epidermal growth factor receptor (EGFR) by immunohistochemistry and by 1q gain by fluorescent in situ hybridization. The mRNA expression levels of EGFR, human telomerase reverse-transcriptase (HTERT), and Prominin 1 (PROM 1)/CD133 were evaluated by quantitative real-time PCR from cases with fresh-frozen tumor material available. Univariate and multivariate analyses of updated clinical data confirmed the prognostic significance of surgery (P < .01) and tumor grading (P < .05) for both relapse-free survival (RFS) and overall survival (OS). Among biomolecular markers, HTERT mRNA expression emerged with the strongest association with OS at multivariate analysis (hazard ratio [HR] 5 9.9; P 5 .011); the 5-year OS was 84% versus 48% in the subgroups with HTERT median value <6 versus ≥6, respectively (P 5 .005). Five-year RFS was 46% versus 20% in the subgroups with low versus high NCL protein expression, respectively (P 5 .004), while multivariate Cox analyses gave suggestively high HRs for high versus low NCL (HR 5 1.9; P 5 .090). The other genes tested were not significant at multivariate analyses, and genetic alterations of CDKN2A, TP53, EGFR, and HTERT loci were rare. The PROM1/CD133 cancer stem cell marker was strongly expressed at both RNA and protein levels in a substantial fraction of cases and was suggestively associated with a more indolent form of the disease. We conclude that NCL and HTERT represent the strongest prognostic biomarkers of RFS and OS, respectively, in our ependymoma case series.
application in prospective clinical trials. In particular, 5 molecular markers-epidermal growth factor receptor (EGFR), 3 nucleolin (NCL), 4 human telomerase reversetranscriptase (HTERT), 3, 5 cyclin-dependent kinase inhibitor 2A (CDKN2A) loss, 6 and 1q gain 6, 7 -have been proposed as being associated with survival at univariate or multivariate analyses. Here we explored the prognostic value of these molecular markers in an ependymoma cohort treated according to the protocol of the Italian Association of Pediatric Hematology-Oncology (AIEOP).
In particular, contradictory findings have been published on the prognostic value of both EGFR 3, 4, 8 and HTERT protein expression in ependymomas. 3, 4, 9 Such discrepancies may be a result of specificity issues related to the different antibodies used, as well as to inconsistency of immunohistochemistry (IHC) scoring methods. To overcome these issues, we additionally performed analysis of EGFR and HTERT mRNA expression by quantitative real-time PCR (q-PCR). We also analyzed the copy number and mutational status of the genes under study and evaluated the expression of Prominin 1 (PROM1)/CD133 in ependymomas to identify the proportion of cases overexpressing this marker of stemness in relation to primary clinical variables.
Materials and Methods

Patients
The study was carried out on a cohort of 62 children with ependymoma, consecutively treated within the Italian pediatric oncology centers of AIEOP 10 -12 in the years 1994 -2007 . The present analysis excluded 2 patients presenting with metastasis. Formalin-fixed paraffin embedded tissue samples from 47 patients and fresh frozen material from 29 cases were available. In all cases, histologic diagnosis and grading according to the 2007 World Health Organization criteria and selection of representative areas were performed by F.G. All parents gave their informed consent prior to the inclusion of their children in the study.
Protein Expression Analyses
Immunohistochemistry.-For each case, 3 -10 cores, 0.6 mm in diameter, were taken to construct a tissue microarray (TMA) using formalin-fixed paraffin embedded tumor material. IHC was performed by the streptavidinbiotin-immunoperoxidase technique on 5-mm TMA sections. Samples were deparaffinized in xylene and rehydrated through a graded series of ethanol concentrations, then incubated for 15 min in 3% H 2 O 2 in methanol to inhibit endogenous peroxidases. Tissue sections were then incubated in 10% normal rabbit serum to block nonspecific antibody binding, and antigen retrieval was performed in a microwave for 3 × 5 min at full power in sodium citrate buffer (pH 6.0). Anti -pan-EGFR rabbit monoclonal antibody (1:200 diluted, 1902 -1, Epitomics), anti-NCL rabbit monoclonal antibody (1:200, clone 4E2, ab 13 541, Abcam), anti-p53 mouse monoclonal antibody (1:100, clone DO1, BD Pharmingen), and anti-p16 mouse monoclonal antibody (1:100, clone 16P07, LabVision) were incubated in humidity chambers for 1 h at room temperature (RT) or overnight at 48C (anti-EGFR). As negative controls, the primary antibodies were omitted. Tissue sections were incubated with biotinylated secondary immunoglobulin G for 15 min, then incubated with peroxidase-conjugated streptavidin (Ultrateck Sciteck) for 15 min. Peroxidase activity was visualized by immersing sections in 0.03% 3.3 ′ -diaminobenzidine4HCl (Ultrateck Sciteck) in 0.05 mol/L Tris-HCl buffer at pH 7.6 containing 0.005% H 2 O 2 for 10 min. The tissue sections were rinsed in distilled water, counterstained with hematoxylin, dehydrated with graded ethanol and xylene, and coverslipped. TMA sections were scored blindly to the clinical outcomes, using a brighfield microscope (Nikon) by 2 independent investigators; cases with partially discordant scores were reevaluated jointly until a consensus was reached. For tumors with triplicate cores (80% of cases), the final labeling index (LI) was calculated as the mean of 3 or more cores. The NCL LI was defined as the percentage of immunopositive cells exhibiting nuclear staining in each sample. For tumors exhibiting cellular heterogeneity with more than 3 cores (15% of cases), the mean LI was calculated for each set of triplicates, and the highest LI value was used. NCL immunostaining in tumors was classified as negative, low (,10% of cells exhibiting faint immunostaining), intermediate (10% -40% of cells exhibiting intermediate staining), or high (.40% of cells exhibiting strong staining). 4 EGFR membranous and cytoplasmic immunostaining was evaluated on the entire sample at 200× magnification, and protein expression was graded as described:
13 strong (moderate to strong continuous membrane and/or cytoplasmic staining in .50% of tumor cells in at least one microscopic field with 400× magnification), weak (faint or partial staining in .50% of tumor cells), negative (faint or partial staining in ,50% of tumor cells), or both strong and weak staining being considered as EGFR overexpression. Appropriate controls were included for each antibody.
Western blotting.-Protein lysates were prepared in radioimmunoprecipitation assay buffer (Sigma) supplemented with protease and phosphatase inhibitors. Fifty mg of cell lysate were loaded on 4% -15% gradient polyacrylamide gel electrophoresis gels (Biorad) and electroblotted onto polyvinylidene difluoride membranes (Amersham Biosciences). Subsequently, membranes were incubated for 1 h atRT in a solution of phosphate buffered saline (PBS) supplemented with 5% nonfat dry milk. For immunodetection, the following primary antibodies were used: anti -total EGFR (rabbit polyclonal 1:1000, Cell Signaling); anti -phosphoTyr1068 EGFR (rabbit polyclonal 1:1000, Cell Signaling); anti -total Akt (rabbit polyclonal 1:1000, Cell Signaling); antiphosphoSer473 AKT (rabbit polyclonal 1:1000, Cell Signaling); anti-ERK1/2 (clone 137F5 1:1000, Cell Signaling); anti -phosphoT202/Y204 ERK1/2 (clone E10 1:1000, Cell Signaling); anti-CDKN2A/p16 (mouse monoclonal 1:1000, clone 16P07, LabVision); and anti-PROM1/CD133 (rabbit monoclonal clone C24B9 1:1000, Cell Signaling). After overnight incubation at 48C with the primary antibody, membranes were washed in Tris buffered saline (10 mmol/L Tris-HCl [pH 8.0], 0.15 mol/L NaCl) and 0.05% Tween 20, followed by AlexaFluor680-or IRDye800CW-conjugated goat-antimouse or goat-antirabbit antibodies (Invitrogen or Li-Cor, respectively). An Odyssey infrared imaging system (Li-Cor) was used for detection. Protein loading equivalence was assessed using an anti -glyceraldehyde 3-phosphate dehydrogenase antibody (Sigma).
Gene Expression Analysis by Quantitative Real-time PCR
Frozen tumor tissues containing more than 70% tumor cells, as evaluated by a pathologist from hematoxylineosin staining of frozen sections, were included for gene expression analyses. Total RNA was extracted from frozen tumor tissue sections using Trizol reagent (Ambion), and 1 mg RNA was retrotranscribed using Superscript II reverse transcriptase (Gibco) with random primers. Ten nanograms of cDNA were used as template in 20-mL PCR reactions with 1× TaqMan Universal PCR Master Mix (Applera). Relative quantification of gene expression was performed in triplicate using TaqMan Assays on Demand on an ABI Prism 7900HT Sequence Detection System (Applera) by comparative threshold cycle method, using the hypoxanthine phosphoribosyl transferase (HPRT) gene (HPRT predeveloped assay reagent, 4326321E) as an endogenous reference control and normal brain cDNA (Clontech) as calibrator. Assays used were EGFR (Hs01076087_m1, spanning exons 2 -3, and Hs00193306_m1, spanning exons 20 -21), HTERT (Hs00162669_m1, spanning exons 11 -12) , and PROM1 (Hs01009261_m1, spanning exons 9 -10 that are present in all known isoforms). Included as internal controls were total RNA extracted from CaCo2, CaSki, and G401 cancer cell lines, known to express high levels of PROM1, EGFR, and HTERT, respectively.
DNA Copy Number and Mutational Analyses
Fluorescent in situ hybridization (FISH).-Five-micron sections were cut from TMA blocks for FISH analysis. Slides were deparaffinized in an oven at 608C for 60 min and incubated in xylene. Slides were then dehydrated in 100% ethanol for 5 min at RT and treated for 20 min at RT in 0.2 mol/L HCl, then with pretreatment solution (1 mol/L sodium thiocyanate) for 30 min at 808C. Slides were then immersed in pepsin solution (0.65% in protease buffer) for 15 -20 min at 378C, washed twice in buffer for 5 min, and air dried. The 1q25 amplification was detected via a dual-probe hybridization using the SpectrumGreen labeled 1q25 probe and the SpectrumOrange labeled 1q36 probe Visys kit, in accordance with the manufacturer's instructions (Abbott Laboratories). Sections were finally counterstained with 4
′ -6-diamidino-2-phenylindole (DAPI), coverslipped, and stored in the dark at 2208C prior to analysis. FISH sections were examined with an AxioImager M1 microscope (Carl Zeiss), using a 100× oil immersion objective and analyzed by 2 investigators. Signals were counted for at least 100 tumor cells in each core of a triplicate for each sample. The score was calculated as the ratio between 1q25 and 1q36 signals. A signal ratio between 1 and 2 was considered as 1q25 gain. A signal ratio score .2 was considered as 1q amplification.
Multiplex ligation-dependent probe amplification (MLPA).-Tumor DNA (100 ng) was subjected to DNA copy number analysis using MLPA kits P258-B1, P298-A1, and P171 (MRC-Holland), following manufacturer's instructions and together with normal DNA samples and samples with known gene copy number alterations as controls. Fragment separation was performed on an ABI3130xl genetic analyzer (Applera). Raw data peak pattern evaluation was performed using GeneMapper software (Applera), and Coffalyser software was used for data analysis (MRC-Holland).
Mutational analysis.-Exon PCR amplification and direct sequencing were performed to analyze tumor protein 53 (TP53) genes (exons 5-9) and EGFR (exons 18 -21). Primers and conditions are available upon request. Sequence reactions were analyzed on an ABI3130xl genetic analyzer (Applera).
Cell Cultures
Control cancer cell lines A431, NTERA2, G401, and CaCo2 were purchased from the American Type Culture Collection and maintained in Roswell Park Memorial Institute medium, 10% serum in standard incubators. Cells were harvested at exponential growth for RNA or protein extraction. Tumor-derived cell cultures were established from fresh biopses 1 -24 h after surgery, the time spent at RT in stem cell medium (Dulbecco's modified Eagle's medium F12/B27 supplement, epidermal growth factor [EGF]/basic fibroblast growth factor 20 ng/mL, without serum) for delivery. Biopses were finely aseptically minced, treated briefly (30 ′ -2 h) with Collagenase II (Sigma), and cultured with Amniomax C100 complete medium (Gibco Life Tecnologies). Spectral karyotyping was performed as described.
14 Cell cytotoxicity was measured with a sulphorodamine-B assay, 15 and drug treatments used EGFR inhibitor 324 674 (Calbiochem) and the phosphatidylinositol 3-kinase inhibitor LY294002 (Sigma). Immunocytochemical analysis was performed on cells grown on Lab-Tek 4-well chamber slides (Nalgene), fixed with PBS 1X paraformaldehyde 3%, sucrose 2%, pH 7.6, permeabilized in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 20 mM, sucrose 300 mM, NaCl 50 mM, MgCl 2 3 mM, Triton X100 0.5%, and blocked in PBS 1X bovine serum albumin 2%, Tween 0.01%. Primary antibodies and dilutions are reported in Supplemental Table 1 . Alexa488-conjungated secondary antibodies (Molecular Probes) were used, and nuclei were counterstained with DAPI. Images were acquired with ViewfinderLite software (Pixera) on an Olympus IX70 fluorescence microscope.
Statistical Analyses
The association between 2 dichotomous variables was tested using the Fisher test; the association between a dichotomous and a continuous ordinal variable was tested using the Wilcoxon Mann-Whitney test. Disease outcomes were analyzed in terms of overall survival (OS) and relapse-free survival (RFS). Time was defined as the interval from the date of diagnosis to the date of event, ie, (i) death due to any cause (OS) or (ii) local progression/relapse, local or distant metastases, any joint occurrence of such events, or other malignancy or death with no evidence of disease (NED), whichever came first (RFS). OS and RFS curves were estimated by means of the Kaplan -Meier method; between-group comparisons were performed using the log-rank test. Additional OS and RFS analyses were performed by Cox regression models, the results of which were reported in terms of hazard ratio (HR), the corresponding 95% confidence interval (CI), and the 2-sided Wald test P value. In particular, multivariate models were used to analyze the prognostic effect of clinical variables (tumor site, extent of surgery, histologic grade, radiotherapy administration). For each biological marker independently, we analyses both univariate and multivariate Cox analyses. In the latter, clinical variables were included with the purpose of adjustment; to control for overfitting due to the model's high dimensionality, penalized maximum likelihood estimation methods 16 were applied as implemented in the R package Penalized. EGFR, PROM1, and HTERT mRNA expression levels were modeled as continuous variables by means of a nonlinear transformation, ie, 3-knot restricted cubic splines (RCSs), 17 whereas the other clinical and biological variables were modeled as categorical by using dummy variables. Concordantly, the values used in the tables presenting the Cox model results were not cutoff values, as in the Kaplan -Meier results, but exact values, ie, the quartiles of the variable distribution. RCS modeling has the advantage of (i) modeling the markers as continuous variables, avoiding their categorization by means of cutoff values, which is instead necessary in order to estimate Kaplan -Meier curves; (ii) allowing the marker's prognostic effect not to be the same in every part of the range; and (iii) taking as reference for HR estimation every value within the range of the variable distribution. Significance level was set at 0.05. All statistical analyses were performed using SAS and R (http://www.r-project.org) software. Table 1 shows the characteristics of the 60 children under study. Age range was 4 months to 16 years, with a median of 3 years. Among the 8 children who underwent surgery alone, 1 infant girl died 10 days after surgery from complications. Twenty-one patients of the 36 submitted to radiotherapy were treated according to the first protocol, and 15 according to the second one, as previously outlined. 10 -12 Forty-one children (68.3%) were rendered without tumor NED after surgery, while 19 (31.7%) were left with tumor residuals. Median follow -up was 94 months (interquartile range: 66 -127 months). There were no significant differences in patient and tumor characteristics between the whole study population and the subgroups analyzed by IHC and by molecular markers at the DNA/RNA level.
Results
Patients
Molecular Markers Analyzed at the Protein Level
Nucleolin.-NCL was expressed in 35/47 (74%) examined tumors (Fig. 1A) . The intensity of NCL expression was high in 18 patients (38%), intermediate in 2 cases (4%), low in 15 cases (32%), and negative in 12 cases (26%). When cases were sorted into 2 distinct groups with 50% LI used as the cutoff to distinguish between them, no significant association with the clinical 
factors of resection and age was found, while histologic grading was associated with NCL expression (P ¼ .01).
EGFR.-In 23/47 samples (49%), EGFR protein expression was detected, intensity of EGFR labeling being strong in 11 samples (23%), weak in 12 samples (26%), and negative in 24 samples (51%) (Fig. 1B) .
There was no significant correlation between EGFR and NCL staining and no significant association with clinical factors. Notably, Western blot analysis in a subset of fresh-frozen ependymoma samples confirmed EGFR protein expression and identified the presence of Tyr1068-phosphorylated EGFR as well as activated, phospho-Akt and phospho-ERK1/2 mitogen-activated protein kinases (Fig. 1D) . Despite the fact that intensity of EGFR staining by IHC in ependymoma tumors was frequently weak and cytoplasmatic, we verified that in ependymoma short-term cell cultures (Supplemental Tables 1 and 2 and Supplemental Figs. 1 and 2 ), EGFR can localize to the membrane and respond to EGF stimulation, as evidenced by the induction of autophosphorylation events, despite the limited ability to stimulate downstream Akt and ERK1/2 phosphorylation (Supplemental Fig. 3 ). Furthermore, cell cytotoxicity assay demonstrated a substantial proliferation reduction and morphologic changes of ependymoma cells in response to EGFR-specific small molecule inhibitors (Supplemental Fig. 3 ).
TP53.-No cases presented a positive immunostaining for TP53, suggesting the absence of TP53 mutations associated with protein accumulation. At the DNA level, 3 cases presented single-copy loss of the 17p chromosome arm encompassing the TP53 locus and did not carry TP53 mutations.
CDKN2A/p16.-Surprisingly, the p16 tumor suppressor protein was strongly expressed in 7/47 (15%) cases, resembling the expression pattern observed in tumors carrying inactivation of the p16/Rb pathway by viral oncogenic proteins (Fig. 1C) . In 6/7 cases, they were supratentorial ependymomas. Furthermore, one additional patient with a supratentorial ependymoma carried a homozygous deletion of the CDKN2A/p16 locus and died of disease at 54 months postdiagnosis. Notably, Western blotting analysis in a subset of fresh-frozen ependymoma samples confirmed aberrantly high p16 protein accumulation in supratentorial samples (Fig. 1D ). and reveal a lower level of expression in relapses and in spinal ependymomas, compared with primary intracranial ependymomas (Supplemental Fig. 2 ). Mutational analysis did not identify mutations in the EGFR tyrosine kinase domains, and gene dosage analysis to determine EGFR DNA copy number status using MLPA revealed only one case carrying a low copy amplification, thus confirming recent data on high-throughput copy number analyses that failed to identify recurrent EGFR amplification events in ependymoma. 3,18 -20 HTERT.-HTERT mRNA expression analysis revealed an almost dichotomous low versus high expression pattern. Eleven patients from whom tumor samples were taken expressed high HTERT levels, comparable to those observed in in vitro cancer cell lines carrying HTERT overexpression that were used as internal controls. Notably, among these 11 patients, 9 experienced tumor relapse and 8 died of disease (Fig. 1E) . Analysis of HTERT DNA copy number revealed amplification in one case showing a high level of expression of HTERT mRNA.
Molecular Markers
PROM1/CD133.-The stemness cell marker CD133 was expressed at a high level in 20 patients. There was no significant association with clinical features, although in the top quartile of 7 patients expressing particularly high levels of CD133, only 3 died-at 92, 57, and 55 months-the average follow-up time of survivors being 68 months (range, 42 -83 mo). Four of the 7 patients were infants; tumor location was supratentorial in 2 and infratentorial in 5 cases. Notably, Western blotting analysis in a subset of fresh-frozen ependymoma samples confirmed variable but consistent PROM1/ CD133 protein expression, as compared with the control NTERA2 cell line (Fig. 1D) .
Gain of 1q.-A gain of 1q chromosomal region, as detected by FISH analysis (Fig. 1F) , was observed in 6/47 (13%) cases analyzed, including 1 case of 1q amplification. Three were infant females and 3 were males of 3, 10, and 13 years at diagnosis. There were 4/29 patients ,4 years of age, and 2/18 were ≥4 years. Only 1 patient presented a supratentorial tumor, and 4/6 patients died of disease, the survivors being 2 infants with infratentorial ependymomas with followups of 114 and 66 months.
Overall Survival
Twenty-eight patients died. Median OS was 93 months. Five-and 10-year OSs were 69.1% (95% CI, 57.8%, 82.6%) and 40.0% (26.7%, 59.9%), respectively ( Figure 2A ). Among the clinical variables studied (tumor site, histologic grade, extent of surgery, and radiotherapy as upfront), extent of surgery was significant at univariate analysis by Kaplan -Meier survival estimation, with 10-year OS of 49.5% (95% CI, 33.1%, 73.9%) for patients with complete surgery and 15.6% (3.2%, 76.3%) for patients with incomplete surgery (P ¼ .013). Grade too was statistically significant, with 10-year OS of 55.4% (36.8%, 83.4%) for children with grade 2 tumors and 19.3% (6.5%, 57.1%) for those with grade 3 tumors (P ¼ .012; Fig. 2B ). At multivariate Cox regression analysis (Table 2 , left), both extent of surgery and histologic grade confirmed their significant association with OS.
As regards biological variables, (Table 5) showed that NCL protein expression was significantly associated with RFS at univariate analysis. In particular, 5-and 10-year RFSs were 45.9% and 19.7% and 45.9% and 13.2%, respectively, for those children with low and high NCL expression (P ¼ .004; Fig. 2D ), and NCL was the only suggestive marker at multivariate Cox model analysis (P ¼ .090; Table 5 ). The RFS Kaplan -Meier curves stratified by anatomic site showed that the NCL prognostic effect held in the subgroups of posterior fossa (10- 100] vs 0%, P ¼ .0004), with a major difference in the latter. However, due to the small size of the subgroups, the estimates were imprecise, which also hampered a rigorous multivariable subgroup analysis. This issue would necessitate testing in larger series.
Discussion
Univariate and multivariate analyses of updated clinical data confirmed our previous report about the prognostic significance of extent/completeness of surgery and tumor grade for both RFS and OS. 10 In addition, the use of radiation therapy appeared to be a significant prognostic parameter at multivariate analysis for RFS, thus outlining the importance of radiation therapy as a major step forward in the management of childhood ependymoma. 10, 11, 21 Some children who were not submitted to irradiation at first diagnosis, mostly because they were ,3 years of age, showed good response to rescue radiotherapy at first relapse, although our recent data clearly show that this approach achieves poorer results compared with firstline irradiation. 12 Analysis of gene expression by qRT-PCR is a robust, easy to perform, and straightforward approach already used in several clinical applications, 22 -25 thanks to the very high specificity and sensitivity of the assay. This approach may avoid the limitations of IHC in those instances in which no robust antibodies are available and is particularly informative when the level of expression of the target gene from normal cells or from negative cancer cells is negligible, as is the case of the molecular markers under investigation, HTERT and EGFR. 26 -28 HTERT sustains normal cell lifespan and proliferation, 29 while cancer cells frequently achieve immortalization by aberrant activation of telomerase expression, 30 and HTERT overexpression has been proposed as a prognostic marker and therapeutic target in multiple tumor types. 31, 32 Ependymomas are characterized by heterogeneous clinical courses that cannot be predicted accurately by clinical, pathologic, or molecular markers, hence the necessity to advance our knowledge of this disease. In the present work, we explored in AIEOP ependymoma series the prognostic impact of previously reported molecular markers, by means of IHC and qRT-PCR. Our data show that elevated HTERT gene mRNA expression and NCL protein expression are promising prognostic markers for worse OS and RFS, respectively, worth testing additionally in larger and prospective cohorts. Recently, several reports showed genetic heterogeneity of ependymoma in relation to tumor location and patients' age, and we recognize that subgroup analyses of molecular-marker status taking into account this evidence may provide useful clinical information for future trials. Unfortunately, most of the cohorts used to retrospectively validate prognostic molecular markers so far, 3 -7 including our own, suffer limitations in sample size, patients' age, or tumor location distribution, or are even not trial based. Therefore, robust subgroup analyses in uniform trial cohorts are needed and will be possible only in the framework of upcoming, properly sized, multinational clinical trials.
Although the presence of a single patient carrying a CDKN2A homozygous deletion in our series prevented prognostic evaluation of this marker, combined IHC analysis of the CDKN2A/p16 protein showed frequent p16 protein accumulation in supratentorial ependymomas, suggesting that the p16/Rb pathway is directly inactivated in most supratentorial tumors, either by loss of p16 or by downstream events. The genetic or environmental nature of the causative event leading to p16 accumulation in these tumors remains to be determined, but it is tempting to speculate that it may relate to the presence of polyomavirus infections previously described in ependymoma. 33, 34 Gain of 1q did not reveal any prognostic significance. This may in part be due to the relatively low frequency of 1q gain in our case series (13%). It should be noted that although gain of 1q is reported at variable frequencies in older studies, case series analyzed more recently by highthroughput copy number analyses, which provide a robust evaluation of 1q status thanks to dozens of 1q loci interrogated simultaneously for copy number estimation, concordantly displayed a frequency of a large 1q gain of 10%. 6,18 -20 For the first time, we provide evidence of elevated mRNA expression of PROM1/CD133-a stemness marker frequently expressed in the cancer-initiating cells of many tumor types 35 -in a high proportion of ependymoma tumor tissue samples. Expression of PROM1 did not significantly impact patient survival, but, notably, patients displaying peculiarly elevated expression of PROM1 were characterized by prolonged survival despite the occurrence of tumor relapse, suggesting the presence of an indolent form of disease, although such an issue deserves further investigation. Expression of PROM1 was recently described in ependymoma-derived cancer stem cell lines. 36, 37 EGFR protein expression did not impact OS and RFS at univariate and multivariate Cox analyses.
Surprisingly, there was a trend for high EGFR protein expression to display a better prognosis by means of the Kaplan-Meier method. In addition, we showed that even at the mRNA expression level, EGFR failed to demonstrate any significant association with survival, further supporting a lack of prognostic value for this molecular marker. Analysis of ependymoma cell cultures confirmed substantial EGFR protein expression by tumor cells and verified their ability to respond to EGF stimulation by activating EGFR phosphorylation events and in part signaling to Akt. Inhibition of EGFR with a specific small molecule inhibitor demonstrated mainly cytostatic effects accompanied by profound morphologic changes resembling senescence, similar to what was observed in recent reports. 36, 37 Therefore, despite the established expression of EGFR in ependymoma, several observations-including contradictory results as a prognostic marker from the literature, an expression pattern that is mainly intracytoplasmic, and the lack of recurrent mutation events 3,18 -20 -indicate that the biological significance of EGFR in pediatric intracranial ependymoma needs to be further ascertained.
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